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ABSTRACT.  Microcavity supported lipid bilayers (MSLB) are contact-free membranes suspended across aqueous-
filled pores that maintain the lipid bilayer in a highly fluidic state and free from frictional interactions with substrate. 
Such platforms offer the prospect of liposome-like fluidity with the compositional versatility and addressability of 
supported lipid bilayers and thus offer significant opportunity for modelling membrane asymmetry, protein-membrane 
interactions and aggregation at the membrane interface.  Herein, we evaluate their performance by studying the effect 
of transmembrane lipid asymmetry on lipid diffusivity, membrane viscosity and cholera toxin- ganglioside recognition 
across six symmetric and asymmetric membranes including binary compositions containing both fluid and gel phase, 
and ternary phase separated membrane compositions. Fluorescence lifetime correlation spectroscopy (FLCS) was used 
to determine the lateral mobility of lipid and protein, and electrochemical impedance spectroscopy (EIS) enabled 
detection of protein-membrane assembly over the nanomolar range. Transmembrane leaflet asymmetry was observed 
to have profound impact on membrane electrochemical resistance where the resistance of a ternary symmetric phase 
separated bilayer was found to be at least 2.6 times higher than the asymmetric bilayer with analogous composition at 
the distal leaflet but where the lower leaflet comprised only 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). 
Similarly, the diffusion coefficient for MSLBs was observed to be 2.5 fold faster for asymmetric MSLBs where the lower 
leaflet is DOPC alone. Our results demonstrate that interplay of lipid packing across both membrane leaflets and 
concentration of GM1 both affect the extent of cholera toxin aggregation and consequent diffusion of the cholera-GM1 
aggregates. Given that true biomembranes are both fluidic and asymmetric, MSLBs offer the opportunity for building 
greater biomimicry into biophysical models and the approach described demonstrates the value of MSLBs in studying 
aggregation and membrane associated multivalent interactions prevalent in many carbohydrates mediated processes.  
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INTRODUCTION
Artificial lipid membranes are indispensable tools for evaluating biophysical processes, such 
as membrane permeation, protein recognition and aggregation, under conditions of controlled 
lipid composition.1  They can provide a means to disentangle insights into unit membrane 
processes from the confounding complexity of the cell.2  A good artificial model will have 
controllable lipid composition, good stability and critically, will maintain high membrane 
lateral fluidity.3–5 Also, ideally, in the interests of biomimicry, the membrane should be 
asymmetric. The plasma membrane is naturally asymmetric, the lipid composition of the 
mammalian membrane for instance, contains predominantly phosphatidylcholine (PC) and 
other choline derivatives, glycolipids and sphingomyelin (SM) at the exterior leaflet, whereas 
the cytoplasmic leaflet contains phosphoethanolamine (PE), negatively charged lipids such as 
phosphatidylserine (PS) and other amino lipids. Cholesterol is contained within and is mobile 
across both leaflets. 
The asymmetry is thought to lead to significant differences in phase behavior and diffusivity 
of each leaflet of the plasma membrane. In particularly the predominance of SM at the outer 
leaflet leads to the coexistence of liquid ordered (Lo) and liquid disordered (Ld) and gel phases, 
whereas model distal leaflets have shown no evidence of such domain formation. Thus it is 
likely that there is a significant disparity in the fluidity of each of the plasma membrane 
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3leaflets. Furthermore, transmembrane lipid asymmetry and inter-leaflet coupling have been 
reported to play a crucial role in plasma membrane function and organization, where evidence 
suggests that inter-leaflet coupling and domain registration lead each leaflet to be profoundly 
influenced by the composition of its neighbour.6,7 This effect has been predicted widely in 
computational simulations, but experimental investigations into the influence of 
asymmetry/symmetry of lipid membranes on lipid-leaflet coupling and mobility are relatively 
uncommon.8–10 Presumably, because of challenges in building model systems at which 
asymmetry and lateral fluidity can be simultaneously accomplished.8,11,12
Liposomes and supported lipid bilayers (SLBs) are some of the most widely applied artificial 
cell membrane models. However, they respectively preclude reliable attainment of controlled 
asymmetric composition and optimal fluidity.6,13 In the latter case, asymmetric supported lipid 
bilayers (aSLBs) are readily accessible using controlled lipid deposition techniques to assemble, 
independently, two lipid monolayers9 or by lipid translocation using chemical or mechanical 
lipid redistribution after vesicle fusion to a planar substrate.10,14,15 However, frictional 
interactions between the lower (proximal) leaflet and the substrate hinder lateral diffusion in 
these and related tethered or polymer cushioned  bilayers. Therefore, lipid and reconstituted 
protein mobility in asymmetric cell membrane models have not been widely explored using 
such models.  
An alternative approach to emerge in recent years is porous-supported membrane structures 
where the lipid membrane is supported in part over air or fluid.16–19 In the former case, stable 
bilayers typically require nano-pore dimensions but where aqueous filled supports are used, 
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4the bilayer can be suspended over pores of multiple microns. Recently, we demonstrated that 
lipid bilayers supported above aqueous filled micron-sized spherical pore arrays in gold and in 
poly(dimethylsiloxane) (PDMS) are stable and produce highly fluidic bilayers simulating the 
behavior of liposome. The micron dimensioned pores are attractive as they are amenable to 
microscopy, enabling single pores to be individually interrogated. Across arrays, this can lead 
to robust statistical reliability of results. When prepared in gold, the arrays can work as an 
electrode permitting electrochemical interrogation of membrane behavior.20 Such stable 
microarray supported bilayers hold great potential as analytical devices for protein binding 
and detection.21 
Cholera Toxin recognizes, specifically, the monosialosyl ganglioside GM1 at the plasma 
membrane of the gut epithelia through its subunit b (CTb). This membrane localized 
recognition is the first step in a process that permits the toxin to gain access to the endoplasmic 
reticulum. CTb-GM1 association is a multivalent process that has been studied at a variety of 
membrane models and has been applied to evaluate new lipid-protein platform models for 
protein detection.21–24 In complex and phase separated lipid compositions and at the cell 
membrane, a number of studies have demonstrated that CTb associates at the Lo phase, and 
that CTb stabilizes raft domains via a lipid-crosslinking.25,26 However, to date, the impact, of 
lipid membrane asymmetry on CTb-GM1 association has not been considered in detail, 
although in true biological membranes, as described, the bilayers are highly asymmetric. 
Using MSLBs, herein, we examine the impact of lipid composition and asymmetry on cholera 
toxin-GM1 recognition and aggregation using fluorescence lifetime correlation spectroscopy 
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5(FLCS) and electrochemical impedance spectroscopy (EIS).  A simple and versatile method was 
utilized to build transversally asymmetric lipid bilayer using a hybrid Langmuir Blodgett-
vesicle fusion (LB-VF) lipid assembly.18,20 Using FLCS, we first examined the lateral diffusion 
of labeled lipid marker within different asymmetric and symmetric lipid systems and then we 
addressed the impact of lipid bilayer asymmetric compositions on CTb- 
glycosphingolipid(GSL) binding and mobility. The relatively high fluidity of the asymmetric 
bilayer compositions enabled us to study diffusion of cholera toxin aggregates at phase 
separated bilayers rendered impossible at symmetric compositions due to slow 
diffusion/photobleaching of the labels. The observations reflect the influence of complex lipid 
composition on the lateral aggregation of CTb at GM1 containing bilayers. EIS succinctly 
corroborate the CTb detection to the GM1 containing membrane, implying transmembrane 
asymmetry and lipid composition support such interaction and binding. Overall, our results 
demonstrate the utility of microfluidic cavity array supported bilayers as a versatile platform 
for the assembly and study of asymmetric lipid compositions and for evaluation of biologically 
important multivalent binding systems and protein aggregation at ligand containing 
membranes.
EXPERIMENTAL SECTION
Materials 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), porcine brain N-(octadecanoyl)-
sphing-4-enine-1-phosphocholine (SM), cholesterol and ganglioside GM1 were purchased 
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6with  maximum degree of purity ( 99%) from Avanti Polar Lipids (Alabama, USA) and used 
without further purification. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine labeled 
Atto655 (DOPE-A655) was purchase from ATTO-TEC GmbH (Siegen, Germany). Conjugated 
B subunit cholera toxin labeled Alexa 555 (CTb-A555) was purchased from Invitrogen 
(Thermo Fisher). Free unlabeled B subunit cholera toxin (CTb) and phosphate buffer saline 
(PBS) tablets were purchased from Sigma-Aldrich (Wicklow, Ireland). Aqueous solutions were 
prepared using Milli-Q water (Millipore Corp., Bedford, USA). Polydimethylsiloxane silicon 
elastomer (PDMS) was purchased from Dow Corning GmbH (Wiesbaden, Germany) and 
mixed following supplier instructions. Silicon wafers coated with a 100 nm layer of gold on a 
50 Å layer of titanium were obtained from AMS Biotechnology Inc. The monodisperse 
polystyrene latex sphere with a diameter of 1 μm was obtained from Bangs Laboratories Inc. 
The commercial cyanide free gold plating solution (TG-25 RTU) was obtained from Technic 
Inc. All other HPLC grade reagents were obtained from Sigma-Aldrich and used as obtained.
Gold and PDMS microcavity array preparation 
The lipid bilayers were suspended across buffer-filled PDMS or gold microcavity arrays 
prepared according to protocols previously described by our group.18 Briefly, for FCS, the 
microcavity array was prepared by drop casting 50 µL of ethanol containing 0.1% of 4.61 µm 
polystyrene spheres (Bangs Laboratories) onto a 1 cm x 1 cm hand cleaved mica sheet. After 
ethanol evaporation, PDMS was poured onto the PS spheres array and cured at 90 °C for 1h. 
The microcavities array is then formed after removing the inserted PS spheres by sonicating 
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7the PDMS substrate in tetrahydrofuran (THF) for 15 min. The substrates were then left to dry 
overnight. Prior to lipid bilayer formation, the substrates were plasma cleaned using oxygen 
plasma for 5 min and microcavities were buffer filled before to lipid monolayer deposition by 
sonicating PDMS substrate in PBS buffer (pH 7.4) for 1h. As previously reported, this step is 
important to increase the hydrophilicity of the substrate.18
For electrochemical studies, lipid bilayers were suspended across gold microcavity arrays 
prepared by microsphere lithography and selectively modified with a self-assembled 
monolayer (SAM) of 1 mM 6-Mercapto-1-hexanol (MH) as described previously.20,27 The 
detailed description for the preparation of microcavity array and MSLBs are presented in the 
supplementary information (Figs. S1 and S2). 
Preparation of Large Unilamellar Vesicles (LUVs)
In this work, liposome fusion was used to form the distal lipid leaflet on MSLB’s. To prepare 
the liposomes, stock solutions of all vesicle components such as DOPC, brain sphingomyelin 
(SM) and cholesterol (Chol) 50 mg/ml each, and GM1 (1 mg/ml) were prepared in chloroform 
and stored in sealed glass vials at -20C. For fluorescence studies, unlabeled lipids and 
fluorescently labeled phospholipid DOPE-A655 were mixed in a ratio of 50000:1 mol/mol. For 
electrochemical measurements, as EIS is label-free, the probe was not included during the 
preparation of MSLBs. Aliquots of the appropriate amounts of the stock solutions were mixed 
in clean amber glass vials and the chloroform was removed under a gentle stream of nitrogen 
to form a thin layer lipid coating on glass vials. To ensure complete removal of residual 
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8chloroform, the lipids thin films were placed under vacuum for at least 3 h and then the lipids 
were rehydrated in 1 ml of PBS buffer and vortexed vigorously for 60 s. A mini-extruder 
(Avanti Polar Lipids) was used to extrude the multilamellar vesicles suspension through a 
polycarbonate membrane (0.1 µm pore size). The resulting large unilamellar vesicles (LUV) 
(approximately 100 nm diameter) solution was diluted to 0.25 mg/ml. Liposomes composed of 
SM were extruded at 45°C, above the SM transition temperature, to guarantee that vesicles are 
in the fluidic state. 
Microcavity Supported Lipid Bilayers (MSLB) preparation 
To assemble suspended asymmetric/symmetric lipid bilayer membranes across pre-buffer 
filled microcavity arrays of both PDMS and gold substrates, a hybrid two-step method, 
Langmuir-Blodgett lipid transfer followed by vesicle fusion (LB-VF) method was employed.18 
Briefly, a spanned lipid monolayer is first deposited onto the microcavity substrate by LB 
transfer (LB trough; KSV Nima Model 102M) with Milli-Q water as the subphase. Lipid 
solution (50 µL, 1 mg/ml in chloroform) was added dropwise gently over 2-3 min on the 
subphase of LB trough and allowed solvent to evaporate for 15 min. Prior to the preparation 
of proximal leaflet monolayer using LB method, multiple compression-expansion cycles were 
followed before the collapse surface pressure and subsequently the monolayers were 
transferred at a highly condensed surface pressure of 32 mNm-1 by the vertical withdrawal of 
submerged substrate at a speed of 15 mm/min to get an adequate transfer ratio (TR) of 1 (Fig. 
S3). To form supported lipid bilayer, the monolayer-coated gold substrate was dipped in LUV 
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9solution for 30 min for fusion and then washed with PBS buffer and stored in PBS until further 
use. Prior to liposome fusion on to the monolayer coated PDMS thin chamber, the substrate 
was sealed to cover glass with rapid adhesive glue (Araldite). The microfluidic device was 
formed after insertion of two silicon tubes to the sealed chamber containing the microcavity 
array by punching two holes through the PDMS into cavity chamber (see SI, Fig. S4). To 
remove residual/unreacted liposomes, the microfluidic device was purged with 1 ml of PBS 
buffer (pH 7.4). Care was taken to ensure that at no stage during the preparation or 
measurements the bilayer was exposed to air. In this work, the proximal leaflet refers to the 
LB deposited lipid leaflet next to the substrate and the distal leaflet is the outer lipid layer 
facing toward the bulk solution.
 
Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance measurements were performed on a CHI 760B bipotentiostat (CH 
Instruments Inc., Austin, TX) in a three-electrode cell consisting of a Ag/AgCl (1 M KCl) 
reference electrode, platinum coiled wire as a counter electrode and the gold substrate with 
microcavity array served as the working electrode. Impedance measurements were performed 
in the presence of 1 mM K3[Fe(CN)6]/ K4[Fe(CN)6] (1:1 mol/mol) mixture, used as a redox probe 
dissolved in PBS buffer containing additional 0.1 M KCl as supporting electrolyte.  The EIS 
were recorded in the frequency region of 104 and 0.01 Hz with a bias potential of 0.26 V vs 
Ag/AgCl. The impedance spectra were fit to an equivalent circuit as previously described.20  In 
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10
the circuit,  is the solution resistance,  and  represents the resistance and constant 𝑅𝑆 𝑅𝑀 𝐶𝑃𝐸𝑀
phase element of the membrane and  and  represents the cavity resistance and constant 𝑅𝐶 𝐶𝑃𝐸𝐶
phase element of the gold substrate. The constant phase elements (CPE) were used in the 
equivalent circuit to provide to account for the heterogeneity of the SLBs in microcavity array. 
The impedance of the CPE can be calculated using Eq. (1);
𝑍𝐶𝑃𝐸 = 1𝑄(𝑗𝜔)𝛽 (1)
where Q and the exponent  represent respectively the CPE and an empirical constant related 𝛽
to the frequency dispersion.
Fluorescence Lifetime Correlation Spectroscopy (FLCS)
Single point FLCS was used to assess both the lipid membrane fluidity and change in response 
to CTb binding to GM1. FLCS measurements were performed on a MicroTime 200 lifetime 
(PicoQuant GmbH, Berlin, Germany) using a water immersion objective (NA 1.2 UPlanSApo 
60 x 1.2 CC1.48, Olympus). The detection unit comprises of two single photon avalanche diode 
(SPAD) from PicoQuant. Labeled lipid membrane marker DOPE-A655 was excited with 640 
nm LDH-P-C-640B (PicoQuant) and CTb-A555 was excited with 532 nm PicoTA laser from 
Toptica (PicoQuant). To exclude scattered or reflected laser light, emitted fluorescence was 
collected through a HG670lp AHF/Chroma or HQ550lp AHF/Chroma band pass filter for 640 
or 532 nm laser respectively.  A 50 μm pinhole was used to eliminate photons from outside the 
confocal volume. Before FCLS measurement, backscattered images of the substrate were taken 
using an OD3 density filter to ensure optimal positioning of the focus to the centre of the 
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11
microcavity. Then, the bilayer position was determined by z-scanning until the point of 
maximal fluorescence intensity of DOPE-A655 was found. At this point, the fluctuating 
fluorescence intensity of labeled lipid marker or CTb-A555 were measured for 30 to 60 seconds 
per cavity, and replicate data from 20 to 30 cavities were measured per sample. To assess 
simultaneously the diffusion time (ms) and the fluorescence lifetime (ns) the emitted photons 
were analyzed by a time-correlated single photon counting system (TCSPC) (PicoHarp 300 
from Picoquant).28 The fluorescence fluctuations obtained are then correlated with a 
normalized autocorrelation function (Equation 2): 
𝐺(𝜏) = 〈𝛿𝐹(𝑡).𝛿𝐹(𝑡 + 𝜏)〉
〈𝐹(𝑡)〉2 (2)
The auto-correlation curves obtained from the fluorescence fluctuations were fitted to a 2-
D model (Equation 3) using the software SymphoTime (SPT64) version 2.2 (PicoQuant). 
𝐺(𝜏) = 1𝑁(1 ― 𝑇)[1 ― 𝑇 + 𝑇𝑒( ― 𝜏𝜏𝑇)][1 + ( 𝜏𝜏𝐷)𝛼] ―1 (3)
Some autocorrelation data fit best to a  2D diffusion model for two diffusing moieties where 
a a second component was included in to equation 3, to give equation 4. 
𝐺(𝜏) = 1𝑁(1 ― 𝑇)[1 ― 𝑇 + 𝑇𝑒( ― 𝜏𝜏𝑇)][1 + ( 𝜏𝜏𝐷1)𝛼1] ―1[1 + ( 𝜏𝜏𝐷2)𝛼2] ―1 (4)
Here, ρ represents the amplitude at G(τ) and is defined as the inverse of number of molecules 
(1/N), T corresponds to the fraction of molecules at triplet “dark” state, τtrip is the triple state 
time and α is the anomalous parameter; τD is the diffusion time of the molecules and τT is the 
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12
decay time for the triplet state. The diffusion coefficient is related to the correlation time τD 
by the relation D =  2/4τD, where  is the 1/e2 radius of the confocal volume i.e. the waist of 
the exciting laser beam.  was measured for each excitation using a reference solution of free 
dye for which the diffusion coefficient is known. The  was determined by calibration using 
reference dyes; Atto 655 (Atto TEC, GmbH) for 640nm laser and Rhodamine 6G for 532 nm 
laser at 20°C in water. Detailed description of the experimental set up can be found in Figure 
S4.
Figure 1. a) Schematic of the microfluidic platform made of PDMS. b) SEM image of cured 
PDMS microcavity array before buffer spanning a lipid bilayer made by pouring the polymer 
to 4.6 m diameter polystyrene spheres before assembling the microfluidic device. c) 
reflectance image obtained using a OD3 density filter after lipid bilayer deposition.  d) 
Fluorescence lifetime image of labeled DOPE-A655 of an asymmetric DOPC (proximal leaflet) 
// DOPC/GM1 (1 mol%) (distal leaflet) lipid bilayer. The scale bar is 10µm. e) Typical FLCS 
autocorrelation data of labeled DOPE (red) and CTb (green) over a microcavity. Solid lines 
represent the 2D fitting to equation (3).
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13
Due to the suspended character of planar MSLBs, where both leaflets are in contact with 
bulk aqueous phase, we can assume the Saffman-Delbrück model (Equation 5) applies and use 
it to estimate the membrane viscosity from lateral diffusion values obtained for labeled DOPE-
A655: 
)𝐷 = 𝐾𝑇4𝜋𝜇ℎ (ln (𝜇ℎ𝜇′𝑟) ― 𝛾 (5)
Where  is the lateral diffusion obtained from FLCS,  is Boltzmann constant,  is the absolute 𝐷 𝐾 𝑇
temperature,  is the radius of the cylindrical membrane inclusion,  is the membrane 𝑟 ℎ
thickness,  is Euler-Mascheroni constant (approx. 0.577),  and  are the membrane viscosity 𝛾 𝜇 𝜇
and the bulk solution viscosity, respectively. The parameters used to estimate the membrane 
 were: radius of the inclusion  = 0.1 nm, membrane height  = 3.8 nm and the viscosity of 𝜇 𝑟 ℎ
the surrounding media  = 0.001 Pa.s.𝜇
RESULTS AND DISCUSSION
Preparation of transversally asymmetric microcavity supported lipid bilayers
The eukaryotic cell membrane has a transversally asymmetric lipid distribution and this 
characteristic has important biophysical consequences in natural systems.5  A key advantage 
of the microcavity supported lipid membrane is that it is readily amenable to the preparation 
of asymmetric lipid bilayer compositions in a manner similar to supported lipid membranes 
but with the key difference that the MSLBs retains the fluidity of a liposome membrane.  To 
investigate the influence of transmembrane asymmetry on lipid diffusivity, the MSLBs were 
prepared using a hybrid LB-VF method, so that the proximal leaflet (array substrate side) 
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14
comprised of DOPC while the distal leaflet comprised of either DOPC, DOPC:SM (1:1) or 
DOPC:SM:Chol (2:2:1). Note that 1% (mol:mol) GM1 was added in each case only to the distal 
leaflet as a receptor to CTb. The labeled lipid DOPE-A655 used as a fluorescent marker at 0.01 
mol% was inserted only into the distal leaflet. A schematic representation of the MSLB’s on 
buffer filled microcavities and the microcavity array are shown in Figure 1a and b, 
respectively.  
As the asymmetric lipid bilayers are in a non-equilibrium state, and it is expected, that 
composition will gradually equilibrate. In cholesterol-containing asymmetric compositions, 
cholesterol can flip-flop to the proximal leaflet rapidly.29  However, numerousstudies at SLBs 
indicate that lipid asymmetry is maintained for many hours.9,10,30   To confirm that asymmetry 
was maintained during our experimental windows we evaluated the diffusion coefficient of 
the outer leaflet over 5 hours following assembly and found that negligible change had 
occurred (Fig. S4 (iv and v), supplemental materials).  Because of the large difference between 
diffusivity of the DOPC and mixed composition monolayers if significant mixing/flip-flop 
were occurring over this time-scale we would expect to see significant modification to the 
diffusion coefficient or biphasic behavior if the probe were flip-flopping. To mitigate against 
any loss of asymmetry, measurements were completed in the present studies immediately 
following bilayer preparation and were completed within 3 to 4 hours.  
Confocal imaging of DOPE-A655 labeled MSLB’s confirm continuous lipid bilayer spanning 
the PDMS microcavities are formed for all lipid compositions (Figure 1c and 1d).  Occasionally 
unfilled cavities occur but these are easily distinguished as “dark spots” caused by the absence 
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of lipid membrane at pores that have failed to fill with water and where consequently, bilayers 
tend to be unstable at the air interface across such large pores.  Without the lipid marker 
DOPE-A655 present in the bilayers, no background fluorescence was observed from the PDMS 
platform or bilayers (see SI). To avoid contributions from diffusion of lipid bilayer over the flat 
regions of array, all measurements are performed at a buffer encapsulated cavity by focusing 
first with the reflectance image on a single aqueous filled pore before Z-scanning to focus on 
the bilayer and acquiring the FLCS autocorrelation function (ACF). Representative FLCS data 
from a cavity spanned DOPC membrane labeled with DOPE-A655 is shown in Figure 1e (open 
red symbol). The lateral diffusion is calculated after fitting the obtained ACF with equation 3 
(solid line, Figure 1e).
Transmembrane lipid symmetry affects the lipid membrane fluidity and viscosity
The diffusivity of DOPE-A655 at MSLBs with different asymmetric and symmetric MSLBs 
were extracted (Table 1) and plotted against lipid composition (Figure 2). A set of DOPE-A655 
ACFs obtained above asymmetric and symmetric lipid bilayers spanned above microcavities is 
displayed in Figure S4vi. The lateral diffusion coefficient obtained for a DOPC lipid bilayer 
was approximately 10 μm2s-1, which is consistent with previously reported values for DOPC 
MSLBs as well as for reported free-standing DOPC bilayers.18,31 
As expected, the composition of the bilayer, has a profound effect on diffusivity.  For 
instance, upon addition of SM to the distal leaflet of the MSLBs so that it comprises 1:1 mol/mol 
DOPC/SM, where the proximal leaflet is DOPC alone, DOPE-A655 lateral diffusion in the 
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distal leaflet reduces to 5.37 ± 0.75 μm2s-1. The reduced fluidity of the bilayer is attributed to 
the presence of enriched SM gel-phases that increase the distal layer viscosity. Indeed, reports 
of diffusion of analogous compositions in symmetric silicate-supported SLBs show that 
diffusion is suppressed.32  The inclusion of cholesterol (Chol) in the asymmetric MSLBs so that 
the distal leaflet comprises DOPC/SM/Chol (2:2:1) increases DOPE-A655 diffusion to 8.66 ± 
2.53 μm2s-1 as compared to the diffusivity values of DOPC/SM(1:1) asymmetric bilayer.  This 
is consistent with numerous previous reports33, including that of Yokota and Ogino who 
demonstrated that introduction of Chol into DOPC/SM (1:1) transitions the membrane from 
co-existing gel and fluid phases in SLBs to mixed phases of liquid disordered (Ld) domains rich 
in DOPC and micron-sized liquid ordered (Lo) domains rich in SM and cholesterol.32 The 
formation of Lo domains are thought to be promoted by hydrogen bonding interactions 
between SM tails and cholesterol34–36 and the increase in fluidity reported is attributed to the 
preferential partitioning of labeled DOPE to Ld phase.34 
Table 1. Diffusion coefficient of labeled DOPE at the distal layer of MSLBs and calculated 
membrane viscosity for different lipid compositions using Saffman-Delbrück model. The 
viscosity values obtained from DOPE diffusion lie within ranges previously reported for lipid 
bilayers at 200.5 °C.
lipid composition DOPE diffusion (μm2s-1) calculated μ (Pa.s)
Sym DOPC + GM1 (1 
mol%) 10.0 ± 0.84 0.05 ± 0.006 
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Asym DOPC/SM/Chol 
(2:2:1) + GM1 (1 mol%) 8.66 ± 2.53 0.06 ± 0.01
Asym DOPC/SM (1:1) 
+ GM1 (1 mol%) 5.37 ± 0.75 0.10 ± 0.005
Sym DOPC/SM/Chol 
(2:2:1) + GM1 (1 mol%)
3.34 ± 0.67 0.15 ± 0.003
Sym DOPC/SM (1:1) + 
GM1 (1 mol%)
1.52 ± 0.69 0.40 ± 0.003
To compare the fluidity of asymmetric and symmetric bilayers, we prepared symmetric 
MSLBs using the LB-VF method;  where both LB and LUVs had the same composition, but 
GM1 (1 mol%) is only present in the LUV.  The lateral mobility of labeled DOPE obtained at 
both  symmetric (open spheres) and asymmetric (closed spheres) lipid bilayers for different 
bilayer compositions are presented in Figure 2.  
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Figure 2. Lateral diffusion of labeled DOPE at asymmetric (closed spheres) and symmetric 
(open spheres) lipid bilayers. For the asymmetric bilayers, the proximal leaflet is comprised of 
DOPC. In each case, the mean diffusivity values presented herein are averages from 40 to 50 
points (cavities) obtained across three independent bilayers. The experiments were performed 
at 20 ± 0.5 °C. 
In all cases, it is the distal leaflet that is fluorescently labeled. The composition of the lower 
leaflet dramatically impacts diffusion of the upper leaflet. In symmetric lipid bilayers 
composed of DOPC/SM (1:1) the lateral diffusion coefficient of DOPE-A655 labeled at the 
distal leaflet is 1.52 ± 0.69 μm2s-1, showing diffusion is significantly slowed compared with its 
asymmetric analogue (5.37 ± 0.75 μm2s-1).  This distinction indicates the integrity of the lipid 
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distribution in the asymmetric bilayers and reflects the impact of inter-leaflet coupling in 
dictating membrane diffusion.
In the presence of cholesterol, i.e., in MSLBs with symmetric composition of DOPC/SM/Chol 
(2:2:1) in each leaflet, the lateral mobility of DOPE-A655 was measured as 3.34 ± 0.67 μm2s-1 
which is approximately 2.5 times slower than the asymmetric analogue (8.66 ± 2.53 μm2s-1).  
Notably, inclusion of 1 mol% GM1 at the distal leaflet does not measurably alter DOPE-A655 
diffusion coefficient irrespective of the membrane composition or symmetry.
Overall, our data indicate that it is possible to build stable asymmetric microcavity supported 
lipid bilayers and that the implicit fluidity of the MSLBs enables the facile study of diffusion 
as a function of different lipid composition.  The data reflect the profound impact of leaflet 
asymmetry on membrane fluidity at both gel phase containing and in phase-separated lipid 
compositions. The magnitude of the change in fluidity between asymmetric and symmetric 
bilayers (D = Dasym-Dsym) is greater for binary fluid-gel phase membrane D=3.6 μm2s-1 than 
for fluid-fluid phase separated ternary membrane (D = 2.6 μm2s-1).
The decreased fluidity observed in symmetric bilayers is in agreement with computational 
predictions and with previous observations on liposomes where comparable differences in 
lipid lateral diffusion at symmetric and asymmetric were observed at similar temperatures.37,8 
For supported lipid bilayer systems based on solid substrate-supports, confounding surface-
membrane frictional interactions complicate the interpretation of membrane viscosity as both 
inter-leaflet and substrate friction contribute to the measured viscosity.38  
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The viscosity values as estimated from the Saffman-Delbrück model (eq (5)) for the 
asymmetric and symmetric lipid bilayers are displayed in Table 1. We assume that the lipid 
bilayers spanned across the microcavity are planar. Although reported membrane viscosity 
values vary due to varying experimental conditions, such as lipid composition, temperature 
and bilayer model,39 the viscosity values obtained herein lie within the range of  previously 
literature reports, between 0.02 and 0.5 Pa.s.40 The membrane viscosity calculated for DOPC 
with GM1 (1 mol%) present in the distal leaflet is comparable to previous data reported for 
DOPC lipid membranes.41 The viscosity calculated for the asymmetric lipid bilayers comprised 
of DOPC//DOPC/SM (1:1) 0.1 Pa.s are decreased as expected but nonetheless lie within 
membrane viscosity ranges reported previously.42 On the addition of cholesterol, the 
membrane viscosity decreases to 0.06 Pa.s which is anticipated since cholesterol increases 
membrane fluidity in lipid bilayers containing sphingomyelin. As expected from the FLCS 
data, lipid leaflet asymmetry exerts a profound influence on the membrane viscosity; the 
viscosity of the symmetric DOPC/SM(1:1) with 1 mol% GM1  is four times more viscous than 
that of its asymmetric counterparts..  The effect is less pronounced in the cholesterol-
containing bilayer where the viscosity in the symmetric composition is 2.5 greater than the 
asymmetric layer.  This indicates, again that there is significant frictional or inter-leaflet 
coupling transmitted through the membrane.
Protein assembly, detection and dynamics using highly versatile MSLBs 
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Next, we assessed the suitability of MSLBs as a platform to study GSL-protein interactions, 
by modeling the GM1-cholera toxin interaction.  GSLs are important receptors for lectin-
binding that reside in cells exclusively at exofacial leaflet of mammalian membranes where 
they can participate in remodeling and crosslinking of domains on receptor binding.25 Fluidity 
is important in artificial platforms that model such behaviors as lateral diffusion of the 
participating players are required for remodeling. We examined here, the impact of GSL-toxin 
recognition on lipid membrane impedance and fluidity as a function of membrane trans-leaflet 
composition.
The impact of GSL-protein recognition on electrochemical properties of the MSLB:
The gold microcavity arrays (Figure 3a) that were selectively modified at the top surface 
with a 6-Mercapto-1-hexanol (MH) self-assembled monolayers using the PS sphere templates 
as a mask as described previously43 and also presented in supplemental materials. A schematic 
representation of the MSLBs on gold substrate is shown in Figure 3b. The EIS data accrued 
from MSLB  fitted to a heuristic model circuit (Figure 3c) as described previously for  the 
MSLB.20. As shown in Figure 3d, before PS templating sphere removal, there is a finite 
resistance (RSAM+PS=1317, data not shown) which decreases to 440 (RSAM) upon PS removal 
(grey symbol) indicating increased access of redox probe to the cavity, but the resistance is 
considerably greater than the unmodified electrodes, confirming, consistent with previous 
measurements, that the gold of the cavities are exposed whilst the SAM remains intact at the 
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top interface. The cavities are filled with PBS buffer and the substrate was always kept in 
contact with PBS buffer for further use in bilayer fabrication.
EIS provides complementary insights to the FLCS studies, by interrogating the electrical 
properties of the bilayer membranes in terms of capacitive and resistive changes.  These 
parameters, in turn, reflect changes to aqueous/ionic permeability in response to CTb surface 
binding and aggregation to GM1. Figure 3c shows representative EIS plots before and after 
CTb exposure to the asymmetric MSLBs comprised of DOPC in the proximal and 
DOPC/SM/Chol (2:2:1) with additional 1 mol% GM1 in the distal leaflet of the bilayer. The 
complex impedance (Nyquist plot) is presented as the sum of the real, Z, and the imaginary, -
Z components that originate mainly from the resistance and capacitance respectively of the 
measured electrochemical system.  
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Figure 3. (a) SEM image of hemisphere micro cavity array obtained from electrochemical 
deposition through templates assembled from ~ 1m diameter polystyrene spheres on gold 
substrates. (b) Schematic representation of MSLBs with CTb binding. (c) Represents the 
equivalent circuit model used to fit EIS data; where RS: electrolyte solution resistane, RM and 
CPEM represent the membrane resistance and constant phase element, and RC and CPEC 
represent the resistance and constant phase element of cavity array. (d) Nyquist plot of 
microcavity gold electrode modified with MH SAM  (light gray) prior to bilayer formation. 
Open black symbols show the EIS data of the cavity modified with asymmetric bilayers 
composed of proximal leaflet, DOPC and distal leaflet, DOPC/SM/Chol (2:2:1) with GM1 (1 
mol%) and EIS spectra with different CTb concentration (blue: 20 nM, red: 40 nM, green, 60 
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nM, orange, 80 nM). (e) Magnitude of total impedance before and after CTb binding. Inset 
shows total impedance at a fixed frequency (4 Hz) as a function of the CTb concentration. All 
the EIS spectra recorded in the presence of 1 mM Fe(CN)6 3-/4- and 0.1 M KCl at the potential 
of +0.26 V vs. Ag/AgCl and frequency range of 104 to 0.01 Hz using a three-electrode setup 
consisting of a platinum counter, Ag/AgCl reference, and the microcavity array as working 
electrode.
The Nyquist plot for the gold microcavity electrode selectively modified with MH 
monolayer appears as a semicircle near the origin, at high frequencies, corresponding to 
heterogeneous electron transfer limited process, whereas the linear portion of the plot, at 
lower frequencies, represents the diffusion-controlled electron transfer process (Figure 3d, 
light grey). The assembly of the bilayer yields similar impedance curves but decreasing double 
layer capacitance due to retardation of the interfacial electron transfer rates compared to a bare 
or selectively modified metal electrode. This is reflected in the increase in semicircle diameter 
(black open symbol) in Figure 3d.  Exposing the GM1 containing bilayer to increasing 
concentrations of CTb increases the semicircle diameter systematically and the data can be fit 
adequately by the Randles circuit as shown in Figure 3c. Since the membrane is a perfect 
resistance-capacitance element, the resistance is directly, and the capacitance inversely, 
proportional to the thickness of the dielectric layer. The parameter  of CPEM in Eq. (1) is 𝛽
close to unity and hence a constant phase element,  could be used as a good 𝐶𝑃𝐸𝑀
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representation of the electrode capacitance. From the fitting, the absolute resistance and 
capacitance of the asymmetric DOPC//DOPC/SM/Chol (2:2:1 ) with GM1 (1 mol%) at the 
outer leaflet, was found to be 1.5 ± 0.06 k.cm2 and 1.4 ± 0.01 µF/cm2 respectively which is 
in line with previous reports.44,45 The relative change in resistance and capacitance values 
before and after toxin addition extracted from the fit are summarized in Table 2. We compare 
relative change rather than absolute C and R values as initial resistance values vary modestly 
from substrate to substrate for identical bilayer compositions due to small variations in the 
uniformity of cavity packing and electrode dimensions. We compared data across several 
replicate substrates and report the average relative changes in bilayer resistance and 
capacitance.
Table 2. Resistance and capacitance data for MSLBs at a fixed concentration (40 nM) of CTb. 
Results presented reflect the change (Δ) recorded following CTb addition, relative to bilayer 
prior to CTb addition. Asym indicates a bilayer that has a DOPC-only proximal leaflet, Sym 
indicates the bilayer is symmetric composition but for GM1 which in all compositions is only 
present at the outer leaflet.
Lipid composition R (k.cm2) C (F/cm2)
Sym DOPC + GM1 (1 mol%)
0.22  0.01 -0.90  0.15
Asym DOPC/SM/Chol (2:2:1) + 
GM1 (1 mol%) 0.87  0.02 -0.80  0.23
Sym DOPC/SM/Chol (2:2:1) + 
GM1 (1 mol%)
2.68  0.13 -0.82  0.24
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As shown in Table 3, increasing CTb concentration in the solution in contact with the bilayer 
leads to a systematic increase in membrane resistance.  The change in resistance is defined as 
R = RCTb-R0, where RCTb and R0 is the membrane resistance in the presence and in the 
absence of toxin respectively. Conversely, the capacitance (C = CCTb-C0) decreases 
systemically with increasing CTb concentration. Figure 3e represents the total impedance of 
the MSLBs as a function of increased concentration of CTb. At a fixed frequency of 4 Hz, the 
impedance rises with increasing CTb concentration (inset Figure 3e).
Table 3. Effect of CTb on the resistance and capacitance of asymmetric DOPC/SM/Chol (2:2:1) 
+ GM1 (1 mol%) bilayer at increasing concentration. Results indicate change (Δ) recorded 
following CTb addition, relative to bilayer prior to CTb interaction. 
Asym DOPC/SM/Chol (2:2:1 
mol/mol/mol) + GM1 (1 mol%)[CTb] 
/ nM R (kcm2) C (F/cm2)
0 0 0
20 0.42  0.01 -0.4  0.11
40 0.87  0.02 -0.8  0.23
60 0.96  0.02 -1.7  0.34
80 1.31  0.015 -3.4  0.42
In order to confirm CTb recognition by GM1 is specific, we carried out control experiments 
to evaluate impedance changes on exposure of CTb to DOPC and ternary DOPC/SM/Chol 
bilayer membranes in the absence of GM1. In contrast to the DOPC containing GM1 bilayers, 
no significant changes to film resistance or capacitance was observed on exposure to CTb across 
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any of the toxin concentrations explored in the absence of GM1 in the distal leaflet (Table S1 
and Figures S5a). These results confirm that the presence of GM1 in the distal leaflet is 
necessary for CTb binding. Conversely, for the symmetric ternary bilayer composed of 
DOPC/SM/Chol (2:2:1) with GM1 (1 mol%) at the distal leaflet, upon addition of 40 nM CTb, 
the relative change in resistance and capacitance was found to be 2.680.13 kcm2 and -
0.60.24 Fcm-2 respectively (Table 2). This reflects the large increases in bilayer resistance 
and decreases to the capacitance that accompanies exposure to CTb at both DOPC and ternary 
bilayer membranes in the presence of GM1. The magnitude of the changes is much greater for 
the SM containing bilayers and are consistent with the formation of a resistive layer of toxin 
at the membrane interface that leads to an increase in film thickness reflected in the 
capacitance decrease. Note that, the magnitude of change in absolute resistance for symmetric 
DOPC/SM/Chol (2:2:1) with GM1 (1 mol%) composition (4.01 kcm2) is higher than the 
asymmetric DOPC//DOPC/SM/Chol (2:2:1) with GM1 (1 mol%) composition (1.5 kcm2). 
Resistance is notably greatest when both leaflets comprise domain forming lipids. That much 
lower resistance values are observed for the asymmetric systems again, confirms the 
asymmetry of the bilayers achieved at the MSLBs46–49. The greater resistance of domain 
forming bilayers is likey attributed to organization/tight packing of lipid bilayers propagated 
longitudinally along both leaflets. Interestingly, when there is no GM1 present for symmetric 
ternary bilayer (DOPC/SM/Chol), the resistance of the membrane was found to be 3.16±0.05 
kcm2 in the absence of toxin, increasing in the presence of CTb to 3.82 ±0.05 kcm2 (Figure 
S5b).  This contrasted with the DOPC-only bilayer where in the absence of GM1, CTb elicited 
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no change to membrane impedance (Figure S5a).  The change suggests that CTb is associating 
with the membrane when SM is present but GM1 is not. These results are further supported 
by FLCS studies, below, that show retardation of toxin diffusivity when exposed to SM 
containing bilayers in the absence of GM1 (Figure S5c, Table S1).
.  
Lateral mobility of the CTb-GM1 complex is dependent on transmembrane composition:  
Labeled CTb-A555 was used to directly monitor the protein diffusion by FLCS on exposure 
to GM1-containing membrane binding.  The labeled toxin, dissolved in PBS buffer (pH 7.4) at 
4 nM was injected into the MSLB contacting solution in the microfluidic device and incubated 
for 30 min to ensure equilibrium is reached.50,51 Figure 4 a and b shows the reflectance and 
fluorescence images respectively obtained following CTb incubation at a DOPC MSLB 
containing 1mol% GM1 at the distal interface. The corresponding FLCS data shown in Table 
4.
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Figure 4. Representative confocal microscopy images obtained for labeled CTb-A555 of 
asymmetric DOPC + GM1 (1 mol%) lipid bilayer. (a) shows the reflectance image using OD3 
filter before inserting labeled CTb. (b) shows the fluorescence lifetime image after incubating 
the lipid bilayer with 4 nm labeled CTb for 30min. The scale bar is 40 µm.
As the DOPC + GM1 (1 mol% at the outer leaflet) MSLB shown in Figure 4 is otherwise 
unlabeled we can conclude from imaging that the intense emission localized at the membrane 
following CTb incubation is due to toxin associating with the GM1-containing bilayer.  The 
FLCS ACF (cf. Fig. 1e) accrued from the pore spanned membrane fit to a single component 2D 
diffusion model and the diffusion coefficient for the toxin is determined to be  5.65 ± 0.75 
µm2s-1.  This value is approximately half that of the lipid marker which is consistent with the 
values reported for CTb assembly at GM1/DOPC giant unilamellar vesicles (GUVs).52  As 
expected, the diffusion coefficient for MSLB membrane-bound CTb is significantly higher than 
values reported from SLBs with similar lipid bilayer composition.  For instance, the lateral 
diffusion coefficient obtained for labeled CTb in supported lipid bilayers on silica substrate 
containing GM1 (0.1 mol%) was reported as 0.12 ± 0.03 µm2s-1, measured by FRAP 53 and using 
STED/FCS, Honigmann et al.  reported the lateral diffusion of CTb as 0.14 ± 0.01 µm2s-1 for 
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glass supported lipid bilayers.54 The data reported here reflect the advantageous fluidity of the 
MSLBs compared to SLBs.
In asymmetric MSLBs comprised of DOPC/SM (1:1) with GM1 (1 mol%) at the distal leaflet 
and DOPC at the proximal, the ACF obtained for labeled CTb showed two diffusing 
populations.  Fitting to a two-component model, equation 4, the populations contributed 
equally to the CTb fit with diffusion coefficients determined as 1.47 ± 0.40 µm2s-1 and 0.03 ± 
0.02 µm2s-1.  Recalling that lipid marker diffusion for the DOPC/SM (1:1 mol/mol) + GM1 (1 
mol%) composition as 5.13 ± 0.96 μm2/s, the diffusion coefficient of the fast component for 
CTb diffusion is five times slower than the lipid marker, rather than the half expected.  The 
binary composition is expected to have co-existent liquid disordered and gel phases at 200.5 
°C. The fast and slow diffusing components may be due to the toxin associated with GM1 
localized in each phase.55 However, given that the diffusion value is so much lower than the 
lipid marker for this composition and that the GM1 is expected to localize most strongly with 
the sphingomyelin (promoted through H-bonding) containing phase, it is more likely that the 
two populations reflect diffusion of CTb both at the gel phase but associated with different 
numbers of GM1.  For the symmetric DOPC/SM bilayer (GM1 1 mol% in the distal leaflet) the 
lateral diffusion of CTb-GM1 complex is dramatically reduced and only a single diffusing 
population is evident.  Indeed, diffusion is so slow that the intensity time trace shows strong 
photobleaching.  This supports the argument that diffusion is due to two populations with 
different numbers of GM1 bound as only the gel phase would be expected to be so strongly 
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affected by transverse lipid symmetry suggesting that the GM1-CTb complexes are confined 
to the sphingomyelin rich gel phase.
Next, we studied CTb binding at asymmetric phase-separated lipid bilayers where the distal 
lipid leaflet was composed of a DOPC/SM/Chol (2:2:1) + GM1 (1 mol%) and proximal DOPC 
only. The diffusivity of CTb fit well to a single component model and was determined as 3.26 
± 0.73 µm2 s-1.  Unlike DOPC bilayer, in the ternary bilayer the CTb diffusion coefficient was 
roughly half that of the diffusion coefficient of labeled lipid. Conversely, in the symmetric 
composition; both leaflets comprised of DOPC/SM/cholesterol (2:2:1) with GM1 (1 mol%) at 
the distal leaflet, the diffusivity of CTb (4nM) bound to GM1 is two orders of magnitude lower 
than the asymmetric lipid bilayer of the same composition. This dramatic impedance of 
diffusion suggests strongly that CTb-GM1 association occurs preferentially at the Lo phase, 
consistent with previous observations.56,57 In addition the data may also suggest that both 
leaflets must have domain forming compositions for such phases to form, i.e. that domains are 
transmitted through both leaflets. Similar results of the influence of lipid composition on 
lateral CTb dynamics were noted by Burns et al. Using FCS, they showed that the lateral 
diffusion of labeled CTb-Alexa 488 was 0.040 μm2s-1 after binding to GM1 in domain forming 
membranes in SLBs.57
Table 4. Effect of lipid composition on the lateral diffusion of CTb in symmetric and 
asymmetric MSLBs lipid compositions. GM1 at 1 mol% was present only in the distal lipid 
leaflet. The experiments were performed at 20 ± 0.5 °C. 
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Lipid composition
CTb lateral diffusion 
(µm2 s-1)
Sym DOPC + GM1
5.6 ± 0.7
Asym DOPC/SM/Chol (2:2:1) + GM1
3.3 ± 0.7
Asym DOPC/SM (1:1) + GM1 
1.47 ± 0.40; 0.03 ± 
0.02
Sym DOPC/SM/Chol (2:2:1) + GM1 0.61 ± 0.12
Sym DOPC/SM (1:1) + GM1 0.05 ± 0.08
To determine if non-specific CTb adsorption at the membrane in the absence of GM1 occurs, 
control experiments were performed by FLCS and confocal fluorescence imaging.  After 
extensive incubation of CTb at DOPC-only membranes, consistent with the EIS experiments, 
there was no evidence of CTb binding at the membrane.  In contrast, however, CTb (4nM) 
was observed to adsorb at SM-containing bilayer in the absence of GM1. At  DOPC/SM (1:1) 
binary membrane, we observe imaging emission from bound labeled CTb, and FLCS revealed 
a diffusion coefficient of 4.6 ± 1.8 µm2s-1 and 3.1 ± 1.5 µm2s-1 for CTb at the asymmetric and 
symmetric SM-containing bilayers respectively.  Upon incubation at a ternary symmetric 
DOPC/SM/Chol (2:2:1) bilayer, CTb was also found to be associated and exhibited a diffusivity 
of 1.50 ± 0.20 µm2s-1 (See Supplementary Information, Figure S5 and Table S1). Notably, the 
diffusion values are roughly half that observed for the toxin when GM1 is present, and 
correspond more closely with the diffusion values of the lipid label.  Analogous behavior is 
evident at the ternary compositions in the absence of GM1, but our data that whereas SM must 
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be present, cholesterol does not need to be present for CTb adsorption to occur  The 
mechanism behind CTb interaction at SM containing bilayers is unknown but given the 
correlation between the diffusion rates of bound CTb and lipid, it is likely mediated by a direct 
single SM-CTb interaction. Given the propensity of SM to H-bond, perhaps this plays a role.  
To our knowledge, there are no previous reports of CTb association with sphingolipid 
although, SM interaction with other AB toxins has been proposed noted.24,58  
From FLIM the average lifetime of the CTb-A555 on GM1 binding was also collected. The 
toxin bound A555 probe exhibits dual exponential fluorescence decay kinetics in all cases.  In 
PBS (pH 7.4) buffer, away from membrane, τ1 was determined as 1.90 ns and τ2 as 0.54 ns 
(amplitude of 10% and 90% respectively), which is similar to previous data obtained for 
bioconjugated Alexa 555 dye.59  On association with the GM1 at the lipid membrane the 
fluorescent lifetime, particularly of the longer lived, lower amplitude component was 
significantly extended as shown in Table S2.  For example, in DOPC bilayers with 1% GM1 at 
the distal leaflet, τ1 was determined as 3.1 ns and τ2 as 0.6 ns (amplitude of 20% and 80% 
respectively, Figure S6 and Table S2).  There was a modest dependence of the long component 
on the bilayer composition, (supplemental materials) wherein ternary composition τ1 it was 
slightly shorter but the substantial extension to fluorescent lifetime in all cases on GSL binding, 
is a useful marker for GM1 association.
CTb concentration affects its lateral diffusion on lipid bilayers due to toxin clustering
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CTb/GM1 complexes have been demonstrated to diffuse very slowly within the plasma 
membrane of live cells compared to other protein-lipid complexes including the Shiga toxin 
complex.52 The restricted lateral diffusion of CTb/GM1 complexes has been attributed to 
interaction with actin and also seems to be associated with ATP-dependent processes, that 
affects the cytoskeletal structure.60  However, contributions from cross-linking of lipid 
domains due to multivalent binding of CTb, or due to aggregation of CTb after binding to GM1 
may also contribute to the anomalously low mobility of CTb/GM1 complex.  As, using atomic 
force microscopy (AFM), Wang et al. demonstrated the presence of CTb aggregates on 
POPC/GM1 bilayer. To date however, there have been no reports on the effect of cholera-
cholera aggregation following GM1 association on the lateral diffusion of the resulting 
aggregates in membranes.61,62 
To this end, we performed FLCS measurements to interrogate the diffusion of CTb/GM1 as a 
function of membrane composition.  We first monitored the change in lateral mobility of CTb-
A555 as a function of increasing concentration of unlabelled CTb at membranes containing 
static concentrations of GM1.  Next, we addressed how membrane fluidity influences CTb 
binding. This is of interest because previous studies have shown that CTb intoxication occurs 
mostly at lipid raft or Lo domains whereas depletion of cholesterol has been shown to enhance 
CTb/GM1 binding.60,63  For the mixed bilayers, we used the asymmetric MSLB’s to enable these 
studies, because their enhanced fluidity, ensured diffusion of even aggregated CTb was fast 
enough to be measurable, and examined two lipid compositions, DOPC alone and DOPC/SM, 
both containing GM1 in the distal leaflet. To understand if the aggregation is driven by GM1 
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concentration, we also compared two receptor densities (1 and 5 mol% GM1) at both lipid 
compositions. 
The diffusion coefficient of labeled CTb-A555 (4 nM) was first measured following its 
incubation for 30 min at 200.5 °C at the aforementioned lipid bilayers.  Because of the need 
for low luminophore levels in FLCS unlabeled CTb concentration was then increased 
systematically whilst holding the concentration of labeled toxin CTb-A555 constant at 4nM.  
Following each addition of unlabeled CTb, a minimum of 30 min incubation was allowed.  We 
confirmed separately that beyond 30 minutes no further change to CTb-A555 diffusivity 
occurred. Figure 5a and b show representative ACF curves for CTb-A555 as a function of CTb 
concentration at the DOPC MSLB containing GM1 1 mol% and 5 mol% respectively. The 
diffusivity of CTb-A555 at 4 nM fit to a single component model and exhibited Brownian 
diffusion with a diffusion coefficient of 5 m2s-1 at 1 mol% GM1.  Above 4nM CTb, aggregation 
of the toxin was evident from the ACFs with concurrent fast and slow component to the fit 
caused by photobleach of labeled CTb (Figure 5c and 5d). The slow component, on time scale 
of our experiments were essentially immobile. The diffusivity of the mobile CTb component 
is plotted versus CTb concentration in Figure 6.  
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Figure 5. ACF and fluorescence intensity decay of CTb to an asymmetric DOPC lipid bilayer 
containing a) 1 and b) 5 mol% GM1 at distal leaflet at 20 °C. ACF curves in both panel at varied 
CTb concentrations are represented by  4 nM (black), 10 nM (red), 40 nM (blue) and 80 nM 
(green). Solid lines are the fitted data. CTb concentration of 10 nM, 40 nM and 80 nM were 
fitted with 2 diffusing components. The % contribution of the slow population (aggregates) to 
the ACF increases with GM1 concentration and CTb concentration. c) and d) represent the 
fluorescence intensity decay of labeled CTb-A555 at different unlabeled CTb concentration. 
Photobleaching induced by CTb aggregates can be observed at 40 nM (blue) and 80 nM (green) 
for both GM1 concentrations. 
At DOPC MSLBs with 5 mol% GM1 at the distal leaflet, at 4 nM CTb, notably, D was 
considerably higher than for 1% GM1 at 8 m2s-1.  Also, in contrast, at the 5 mol% GM1/DOPC 
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membrane, the CTb diffusion remained single-component (Figure 6b) up to a CTb 
concentration of 10 nM indicating that the valency of GM1-CTb binding depends  on GM1 
concentration.  At CTb concentrations greater than 10 nM, the ACF data again confirmed to a 
two-component fit and with decreasing diffusion coefficient in the fast component and 
increasing %Pim content.  Although we were unable to estimate the diffusivity value for the 
immobile fraction because of photobleaching we were able to estimate its relative % 
contribution the signal and observed that it increased systematically from 0% at 4nM CTb to 
over 90% at 80 nM CTb for both GM1 concentrations.  This very slow component is likely to 
be the crosslinked aggregates of CTb with multiple GM1 anchors. Estimation of diffusivity 
could be made for the fast diffusing fraction in the two-component fit (Figure 6) and this 
fraction is taken to be GM1 associated with varying number of GM1 anchors.  The data shows 
that at simple DOPC bilayers the extent of CTb-GM1 aggregation depends directly on CTb 
concentration. And, that at lower concentrations of CTb the number of GM1 associating with 
the CTb appears to be greater at the1mol% GM1 compared with 5% mol. Our observations are 
consistent with previous reports, where increasing in GM1 content was observed to inhibit 
CTb binding.64–66 However, at higher CTb concentrations, irrespective of GM1 concentration, 
the fast diffusing component is the same and extensive aggregation of the CTb has occurred.
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Figure 6. Diffusion of the fast component of CTb-A555 in presence of increasing 
concentrations of CTb for lipid bilayers containing 1 mol% (filled circles) and 5 mol% of GM1 
(open circles) in the distal leaflet. (a) DOPC and (b) asymmetric DOPC/SM (1:1) mol/mol. 
To further confirm that GM1-CTb clustering is occurring, GM1 diffusion was examined at a 
DOPC bilayer containing GM1 (1 mol %) at the distal leaflet containing 0.01 mol% GM1 alkyl 
tail labeled Bodipy-FL 488.  Figure 7 shows the ACF of labeled GM1 before and after 
incubation with CTb (80 nM). The lateral diffusion of labeled GM1-488 in the distal leaflet in 
the absence of toxin was measured as 11.45 ± 3.55 μm2s-1 (red symbols). Following incubation 
with unlabeled CTb (80 nM) the diffusion of GM1-488 became complex (green symbols) 
comprising a mobile and a slow-diffusing fraction. This behavior mirrors the diffusive behavior 
of the labeled CTb aggregation under the same conditions confirming the GM1 is participating 
in a GM1-CTb network. 
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Effect of sphingomyelin on CTb binding within asymmetric lipid bilayers containing GM1
Concentration-dependent in-vitro studies of CTb binding due to GM1 clustering have 
focused on highly fluidic membranes comprised of DOPC and/or POPC.61 To provide insight 
into the aggregation of CTb in SM containing membranes, we examined DOPC/SM (1:1) mixed 
lipid composition in the distal leaflet containing 1 mol% and 5 mol% of GM1 with DOPC in 
the proximal leaflet. The estimated diffusivity values for the toxin and the %Pim extracted from 
the fit to the ACF data are presented in Figure 8a and 8b and in Table S4.  Initially, at 1 mol% 
GM1, the CTb response is strongly influenced by the presence of SM where even at 4 nm CTb 
concentration, a slow diffusing component and immobile/slow fraction constitute 50% of the 
Figure 7. Autocorrelation functions (ACF) of labelled GM1-488 in asymmetric DOPC//DOPC+ 
GM1 (1 mol %) lipid membrane prior (red) and after incubation with 80 nM of unlabelled CTb 
(green). The shift to right represents the increasing of slow diffusing population, similarly to 
the labelled CTb scenario indicating that aggregation of CTb is dependent on protein 
concentration.
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population (Figure 8c), which is in agreement with previous studies reported by Schwille52 
and Kraut67 showing that SM leads to immobilization of CTb. The CTb becomes completely 
immobile in the presence of 40 nM of unlabeled CTb, seen by the evolution of the ACF and 
fluorescence intensity of CTb-A555 (Figure 8 a and c). Similarly, for 5 mol % GM1, the 
fluorescence intensity fluctuations of CTb are affected by photobleaching (Figure 8b and 
Figure 8d).  However, the % of immobile fraction increases with CTb concentration and is 
similarly evident even at 4 nM of CTb-A555, indicating that GM1 incorporates preferentially 
to SM to enriched gel domains and this can enhance CTb cross-linking of lipid domains. 68 
Together with the non-selective adsorption of CTb at SM containing GM1-free bilayers this 
behavior may indicate that CTb clustering occurs in a cooperative manner with SM enriched 
domains and can be related to induced clustering of SM caused by CTb.  Interestingly, unlike 
the DOPC-only bilayer higher GM1 concentration in the distal leaflet appear to enhance GM1 
binding;  the lateral diffusion of CTb-A555 (4 nM) was found to be 0.6  0.19 m2s-1 for 5 
mol% GM1, which is approximately a 66% lower than diffusivity for the same bilayer at 1 
mol% GM1 containing membrane (Figure 5b, Table S4). 
Many authors report the bound CTb lateral diffusion as far slower than lipid markers in Ld 
or Lo regions in cells or GUVs.52,69 Similarly our results obtained for symmetric lipid bilayers 
in particular, at MSLBs show immobility of CTb-GM1, suggesting extensive aggregation.  
Although asymmetric lipid bilayers also showed limited mobility which was rapidly 
diminished with increasing of CTb at the nanomolar range, we can propose that domain 
registry along with CTb and GM1 concentration contributes to the highly reduced CTb 
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diffusion in cells and GUVs.  Our data also indicate lipid diffusivity of DOPE-A655 was also 
altered by CTb binding but only for SM membranes (Table S4). This lateral mobility effect could 
be due to a lateral ordering of the lipid membrane dependently on CTb concentration as previously 
reported.70 However, to the best of our knowledge, this is the first time that this effect is 
observed in an asymmetric lipid bilayer formed by a purely disordered DOPC lipid leaflet and 
a gel phase of DOPC containing SM lipid leaflet. 
Figure 8. ACF and fluorescence intensity decay of CTb at an asymmetric lipid bilayer 
comprised of DOPC/SM (1:1 mol/mol) with GM1 (1 mol%), GM1 (5 mol%) studied by FLCS 
at 20 0.5 °C. a) and b) ACF curves obtained for 1 mol% and 5 mol% of GM1 respectively at 4 
nM (black), 10 nM (red), 20 nM (blue) and 40 nM (green) of CTb with row data (dots) and 
fitting (solid line). CTb concentrations of 10 nM, 20 nM and 40 nM were fitted with 2 diffusing 
components. The % of slow diffusing population (aggregates) increases with GM1 
concentration. c) and d) represent the fluorescence intensity decay of labeled CTb-A555 at 
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different wild type CTb concentration. Strong photobleaching induced by CTb aggregates is 
observed at 20nM (blue) and 40nM (green) for both GM1 concentrations.
CONCLUSIONS 
The use of microcavity supported lipid bilayers as a platform to build transversally 
asymmetric lipid bilayer compositions and as a means to detect and study peripheral protein-
membrane recognition at nanomolar range using EIS and FLCS at symmetric and asymmetric 
lipid bilayer compositions is reported.. Six membrane compositions were prepared using a 
combined Langmuir Blodgett - vesicle fusion method; Three symmetric bilayers: DOPC alone, 
a binary membrane contianing 1: 1 Sphingomyelin and DOPC as a model of mixed gel and Ld 
phase and a ternary phase separated DOPC:SM:Chol membrane containing fluid-fluid 
coexisting phases. Analogous asymmetric membranes in which the lower leaflet comprised 
DOPC were also prepared.  .  Fluorescence correlation spectroscopy demonstrated that 
transmembrane asymmetry  has a profound influence on membrane fluidity.  Where the gel 
phase and ternary compositions showed 2.5 to 3.5 times lower diffusion coefficient compared 
to their asymmetric analogues with a DOPC proximal leaflet. 
The high fluidity of the asymmetric MSLBs enabled FLCS interogation into the effect of CTb 
binding on GM1-CTb aggregation, which was evaluated as a function of CTb concentration.. 
Following CTb administration two populations were found to contribute to the diffusion 
model.The % contribution of the slow diffusing fraction scaled with CTb concentration, 
suggesting it is CTb led -crosslinked aggregates, while the fast component % diminished and 
slowed with CTb concentration. This component was attributed to single CTb units anchored 
to 1, 2 or 3 GM1 units at the membrane, based on simple Saffman Delbrüch estimations of 
radii. 
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Notably, the data indicate that SM binds non-specifically to CTb perhaps contributing in a 
cooperative capacity to CTb GM1 binding at the membrane. 
Gangliosides such as GM1 participate in a wide range of recognition and signalling processes 
at the cell membrane where signalling in many cases is driven by oligomerization or 2-
dimensoinal network formation at the cell membrane. Modelling of such processes at artificial 
membrane requires capability to build transversally asymmetric bilayers but also fluidity is 
crucial to enable bilayer organisation.  We demonstrate here that MSLBs are a versatile 
platform for evaluation of GSL-protein interactions at the lipid membrane that encompass 
these demands and permit multimodal detection methodologies in a single platform approach. 
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